This study focuses on experimental investigation of a fail-safe, bi-linear, liquid spring magnetorheological damper system for a three-dimensional earthquake isolation system. The device combines the controllable magnetorheological damping, fail-safe viscous damping, and liquid spring features in a single unit serving as the vertical component of a building isolation system. The bi-linear liquid spring feature provides two different stiffnesses in compression and rebound modes. The higher stiffness in the rebound mode prevents a possible overturning of the structure during rocking mode. For practical application, the device is to be stacked together along with the traditional elastomeric bearings that are currently used to absorb the horizontal ground excitations. An experimental setup is designed to reflect the real-life loading conditions. The 1/4th-scale device is exposed to combined dynamic axial loading (reflecting vertical seismic excitation) and constant shear force that are up to 245 and 28 kN, respectively. The results demonstrate that the device performs successfully under the combined axial and shear loadings and compare well with the theoretical calculations.
Introduction
Current seismic design procedures are aimed at mitigating the damaging effects of horizontal ground excitation, as prompted by the demonstrated collapse potential of weak and non-ductile systems throughout history. For most structures, the influence of vertical ground excitation is not required to be explicitly considered in seismic design, which has been successful to achieve a life safety objective. Techniques target at higher performance objectives such as continued functionality-intended to protect the structure, nonstructural components, and contents from damagealso focus primarily on horizontal ground excitation. In more recent earthquakes centered in urban regions with modern buildings, damage to nonstructural components and contents has been shown to constitute the majority of economic losses (Kircher, 2003; Reitherman, 1998) . Evidence is accumulating that vertical excitation has a big influence on the damage potential of nonstructural components and contents. When a structure is shaken strongly both horizontally and vertically, the effect of each component cannot be separated. However, several shake table tests of seismically isolated buildings, for which the horizontal shaking was mitigated but the vertical shaking was not, have indicated damage to nonstructural components and contents (Furukawa et al., 2013; Ryan et al., 2015; Soroushian et al., 2015) . As an example, Figure 1 presents snapshots of an internal room taken during shake table testing of a full-scale five-story moment frame building isolated with triple friction pendulum bearings as part of the collaborative NEES TIPS/E-Defense project (Guzman and Ryan, 2015) . The photos, processed from in-motion videos, compare the internal room when the building was subjected to two-dimensional (2D) (horizontal only, Figure  1 (a)) and three-dimensional (3D) (horizontal plus vertical, Figure 1 (b)) versions of the motion recorded at Rinaldi Receiving Station during the 1994 Northridge Earthquake (Ryan et al., 2013) . Fallen ceiling panels and content disruption in Figure 1 (b) show the extent of the damage under 3D earthquake motion, while no damage is apparent under 2D earthquake motion (Figure 1(a) ). The nonstructural component damage and content disruption in the isolated buildings were shown to be directly related to the intensity of vertical ground shaking .
There have been efforts to develop effective 3D isolation systems, particularly motivated by the needs of nuclear facilities (Warn and Ryan, 2012) . Base isolation may be a viable solution to design the structures and components of nuclear power plants for earthquakes without loss of capability to perform their safety functions. A comprehensive approach that can provide both horizontal and vertical attenuation is sought (Malushte and Whittaker, 2005) . To this end, a number of solutions have been proposed for 3D isolation or for vertical isolation, which can be combined with horizontal seismic isolation devices for 3D isolation. Some examples are low shape factor elastomeric bearings (Aiken et al., 1989; Kelly, 1988; Tajirian et al., 1990) , helical springs and dampers (Huffman, 1985; Kelly, 1988; Makris and Deoskar, 1996) , rolling seal type air springs (Suhara et al., 2003 (Suhara et al., , 2005 or cable-reinforced air springs (Kageyama et al., 2003 (Kageyama et al., , 2004 along with oil dampers and rocking suppression devices, and wedgeshaped friction blocks and side springs (Lee et al., 2014) . Other research has focused on compact vertical isolation systems applicable to lightweight equipment isolation (Kitayama et al., 2017; Lu et al., 2016; Tsujiuchi et al., 2016) . One solution for whole building isolation was implemented in a commercial three-story building in Japan (Suhara et al., 2008; Takahashi et al., 2008) . Some of these solutions are rather complex and costly, and face challenges in being scaled up for practical implementation in a building system. Therefore, a generally applicable solution for 3D isolation is still needed.
In this study, a new device is proposed to provide vertical isolation of a building when subjected to seismic motion. The proposed Bilinear, Liquid Spring, Controllable Magnetorheological Damper (BLS-CMRD) can be used in series with elastomeric bearings that provide isolation in the horizontal direction. The magnetorheological (MR) damping property of the device offers a controllable damping in the case that seismic motion amplitude and frequencies differ from those of the design conditions. The bi-linear feature of the liquid spring uses a higher stiffness in the rebound mode to resist rocking/overturning.
Fail-safe MR fluid dampers incorporate electromagnets to activate the damper to provide variable damping, in addition to passive viscous damping (Ashour et al., 1996; Cesmeci and Engin, 2010; Parlak et al., 2012) . Compressible MR dampers utilize both the controllable damping and compressibility of MR fluids to provide both damping and stiffness in a single compact device. Hong et al. (2006) studied a compressible MR strut that used a compressible fluid spring and a bypass MR fluid valve for an automotive suspension system. The maximum force output of their device was measured to be around 2.5 kN. Hitchcock and Gordaninejad (2008) patented an adjustable controllable compressible fluid damper that could control both the damping and energy storage capacities of the MR fluid. Mantripragada (2009) designed, built, and tested a compressible MR damper to examine the feasibility of its use on heavy off-road vehicles. The maximum force output (Ryan et al., 2013) .
of the device was measured to be 18 kN under 1.27 cm displacement, 2 cm/s velocity, and 1.0 A current excitations. Raja et al. (2009 Raja et al. ( , 2014 conducted a study on the feasibility of a small-scale compressible MR damper for use in the suspension system of a tracked vehicle to improve the mobility of the vehicle while preserving its stability and safety. The maximum force output was measured to be 12 kN for the device. Potnuru et al. (2013) designed, fabricated, and tested a compressible MR fluid damper-liquid spring. In their study, they investigated the effect of varying cross-sections of flow channel on the velocity profile and pressure drops at different magnetic fields. Mckee (2010) and Mckee et al. (2011a Mckee et al. ( , 2011b designed, developed, and tested a compressible MR damper to investigate the effects of temperature on its performance characteristics. Maus and Gordaninejad (2014) and Maus (2013) studied a proofof-concept bi-linear, liquid spring, controllable MR damper. The maximum damper force was measured to be nearly 11 kN. However, all above-mentioned devices worked in axial direction only, and their force levels were relatively low.
The objective of this study was to design, build, and test a 1/4th-scale BLS-CMRD that cycles under axial loading up to 245 kN while subjected to a simultaneous constant shear force up to 28 kN, representative of earthquake input. The proposed device represents the vertical isolation component, to be placed in series with elastomeric bearings for a practical 3D isolation system. Figure 2 shows the schematic of the proposed placement of the BLS-CMRD on a structural building. The system is stacked together along with the traditional elastomeric bearings that are currently used to absorb the horizontal ground motions. In this configuration, the device is exposed to not only vertical excitations, but must also transmit the horizontal shear force. These high shear forces pose major design challenges. The device must be able pass the shear force between the structure and ground without a plastic deformation or fracture. To maintain the rigidity of the BLS-CMRD to pass the shear force, the allowable shear deformation on the device was determined to be less than 0.508 mm. This was based on a 2% shear deformation criterion on the shaft. The 2% drift limit was considered reasonable for post-earthquake operations of steel structures if no yielding occurred. The yielding of the device was considered an independent design requirement. In addition, the shear force applied to the shaft can produce uneven stresses on the seals which, could lead to leakage and result in a premature failure of the device. Therefore, the shear deformation was aimed to be minimized whenever possible.
System requirements
In this study, a 1/4th-scale BLS-CMRD was designed, built, and tested. The design requirements are listed in Table 1 . Design properties for the device were based on a study to determine the range of dynamic parameters for an effective 3D isolation system (Eltahawy et al., 2018) . The results of this study were extrapolated for the target axial load, seismic demands, and scale factor for the device. The device has different stiffnesses in compression and rebound. The compression stiffness, k c , and the rebound stiffness, k r , are determined to be 6,000 kN/m and 24,000 kN/m, respectively. The rebound stiffness is higher than the compression stiffness to prevent the structure from overturning during the rocking mode. The viscous damping ratio, z, is targeted between 0.15 and 0.20 for the mass listed in Table 1 to ensure that the device provides adequate damping in fail-safe mode. The piston splits the top chamber into Chambers 1 and 2. When the shaft moves downward, the MR fluid in Chamber 2 flows into Chamber 1 through the annular gap, and vice versa when the shaft moves upward (Figure 3(b) ).
System design
The proposed BLS-CMRD consists of a cylinder that has two chambers separated by a sealing system, a shaft with a piston, two caps to close the two chambers, and four external rods to fasten the caps against the cylinder, as shown in Figure 3 (a). The top chamber is filled with MR fluid (MRF-132DG of Lord Corp.), while the bottom chamber is filled with pure silicone oil (LPS Silicone lubricant). The piston is housed in the top chamber, and there is a small annular gap (1.5 mm) between the piston and the inner wall of the cylinder (Figure 3(b) , (c)).
When the coils are energized, an electromagnetic field is developed in the flow gap that activates the MR fluid and generates a controllable MR damping in addition to a passive viscous damping, as shown in Figure   Figure 2 . Schematic for the proposed installation of the BLS-CMRD under a building structure.
3(c). The shaft sections before and after the valve piston have different diameters to achieve the spring effect in this chamber in the rebound mode, that is, when the piston moves upward. In the bottom chamber, a downward extension of the shaft produces a spring effect in the compression mode. The compression and rebound modes are depicted in Figure 4 .
Fabrication
The fabrication and assembly processes of the BLS-CMRD posed a great challenge due to large sizes of the components. During the assembly process, the external rods were tensioned with forces up to 800 kN with a hydraulic jack to prevent the seal leakage due to likely elongation on the external rods. After the Assembly, the chambers were filled with fluids. First, the bottom chamber was filled with pure silicone oil. The oil was fed to the chamber through a port at the bottom by utilizing gravity. To increase the filling rate and help prevent any entrapped air in the fluid, a vacuum pump was used to generate suction at another port at the top. Then, the top chamber was filled with MR fluid using a hand pump. The MR fluid was pumped slowly from a port at the bottom letting the air flow out from a port at the top. When the chamber was nearly full, the vacuum pump was attached to the top port to remove the remaining air in the fluid. The specifications of the BLS-CMRD are listed in Table 2 .
Experimental study
The 1/4th-scale device is exposed to combined dynamic axial loading (reflecting vertical seismic excitation) and constant shear force that are up to 245 and 28 kN, respectively (Table 1 ). An experimental setup was designed to reflect these real-life loading conditions for the BLS-CMRD. Tests were conducted under both sinusoidal and scaled seismic motions.
Test setup and loading protocol
The BLS-CMRD was tested on the test setup shown in Figure 5 . To avoid any point loading, a grouting was inserted between the device and the floor. The device was mounted to the floor by passing seven Dywidag tie rods through the fixture plates; each tie rod provided 355 kN in tension and 71 kN in shear. Figure 5( b) shows the device under sinusoidal axial force of 245 kN supplied by a hydraulic actuator. The axial displacement of the shaft was measured by a Novotechnik TR100-49 linear potentiometer. The shear loading was applied through a 5 ton hydraulic pulling ram attached to a vertical I-beam frame (shear frame). The hydraulic ram was tied to the device from the top pedestal via a hoist ring and high-strength straps ( Figure 5(c) ). The ram pulled on the top pedestal through a hoist ring. The top pedestal was attached to the actuator via a swivel joint, which prevented the applied shear load from passing to the actuator and thus, causing any possible damages to the actuator. An 89 kN load cell from Transducer Techniques was used to measure the shear loading. The applied current to the electromagnet was fed back by a 10 A DC magnetic current transducer from CR Magnetics, Inc. The pressures in the top and bottom chambers were controlled with Kerotest/Marsh N1572-34 kPa psi needle valves and a 0.7 L hydraulic hand pump. The pressures in Chambers 1 and 2, and the bottom chamber were measured by WIKA A-10 pressure transmitters. The temperature in the top chamber was recorded by a TG24T(T)A2G-36/5 thermocouple from Conax technologies, Inc. A TXDIN1620 universal DIN rail temperature transmitter from Omega Ò was used to monitor temperature of the MR fluid.
Several characterization tests were performed prior to applying representative seismic input. First, the seal friction tests were performed under quasi-static conditions in axial mode. Next, the dynamic performance of the BLS-CMRD was characterized under sinusoidal displacement excitations and at different electric current inputs in axial mode only. Finally, the device was tested under combined axial and shear mode at different sinusoidal displacement excitations, currents, and constant shear loadings.
The seal friction consists of two components: constant dry friction and dynamic friction. The seal friction tests were conducted after filling the top and bottom chambers with the fluids. The tests were performed at a stroke of 0.0127 m and a frequency of 0.01 Hz to avoid inertial effects.
The BLS-CMRD provides a fail-safe damping when there is no magnetic field applied. The fail-safe damping forces were characterized at zero current and strokes of 0.0127 and 0.0254 m and frequencies of 0.5, 1, 2, and 4 Hz. Before starting the dynamic tests, a 92.8 kN static load was applied to the device by pressurizing the bottom chamber. The pressurization was controlled by the displacement of the shaft, and all tests started at around (X 0 , F 0 ) = (-0.015 m, -92.8 kN), where X 0 and F 0 represent the initial displacement and force to the initial displacement and the initial force, respectively. Next, the BLS-CMRD was characterized at different magnetic fields to investigate the effect of MR damping. The on-state tests were performed at the strokes of 0.0127 and 0.0254 m, frequencies of 0.5, 1, 2, and 4 Hz, and currents of 0.25, 0.5, and 1 A. The device was tested applying combined axial and shear loadings at the stroke of 0.0254 m, frequencies of 1 and 4 Hz, electric current inputs of 0.5 and 1 A, and constant shear loadings of 3.34, 6.67, 13.35, and 27.85 kN. Tests were also conducted to examine the response of the BLS-CMRD to three scaled input seismic motions, as listed in Table 3 . The motions were applied as input displacement histories to the device at different current levels. The displacement histories were calculated by simulation of a rigid block model with BLS-CMRD devices at the base subjected to the input ground accelerations (Eltahawy et al., 2018) . A model was developed for the device response based on the design properties, which differed from the experimentally observed device response; as such, the input displacement histories are approximate. However, the seismic tests are still useful to represent the nature of dynamic input to the device during an earthquake.
Experimental results and discussions
The test results for each test configurations described in section ''Test setup and loading protocol'' are presented and discussed in this section. Seal friction testing. The seal friction is found to be about 6.5 kN in the compression side and as high as 12 kN in the rebound side, both at the maximum strokes ( Figure  6 ). Also, the compression and rebound stiffnesses are calculated to be 7,668.5 and 48,417.5 kN/m, respectively, from the experimental data. The design stiffnesses were 6,000 and 24,000 kN/m for the compression and rebound modes, respectively. The discrepancy between the design and realized stiffnesses for the rebound mode is believed to be a result of entrapped air in the MR fluid. As the shaft moves further into the top chamber, it first compresses tiny air bubbles and then squeezes the MR fluid. Therefore, the realized fluid volume is less than the design volume. The less volume means higher stiffness as the volume is the denominator in equation (2). Similarly, regarding the compression stiffness, the discrepancy in the stiffness is assumed to come from the entrapped air inside the silicone oil. After the tests, there was air observed in the top chamber in one of the instrumentation ports.
The flat region in the center of the force versus displacement curve in Figure 6 is due to the air in both the bottom and top chambers. The shaft was initially displaced by X 0 = 0.01547 m to apply the static load. During this process, the shaft first compressed any entrapped air inside the bottom chamber and thus, the liquid stiffness occurred after a certain displacement. The same was true when the shaft moved into the top chamber. The shaft first compressed the entrapped air inside the top chamber, which resulted in a no-stiffness region, and then compressed the liquid therein causing liquid stiffness.
Axial testing. Figure 7 (a) and (b) shows the force versus displacement results for the frequencies of 0.5, 1, 2, and 4 Hz and strokes of 0.0127 and 0.0254 m, respectively. The force levels are observed to increase with increasing frequencies and strokes. This is expected because viscous damping force is a function of velocity, which is a function of both stroke and frequency for a sinusoidal motion. Figure 8 (a) to (c) shows the test results for 0.0127 m stroke and different frequencies and applied current levels. It is observed that as the current input increases, the widths of the curves increase. This is because the controllable MR damping force increases with the applied magnetic field intensity. It can also be seen that the rate of increase reduces as the current continues to increase. This is due the fact that MR fluid approaches to its magnetic saturation as the current keeps increasing. The theoretical relationship between the applied current and magnetic field is given with the following relation B(I) = 1:02 tanh(0:89I + 0:22) for this design, where B is in Tesla and I is in Ampere (Cesmeci, 2017) . The force levels also increase with increasing frequencies as expected. It is noted that curves are not symmetric about the x-axis, that is, the force increases more on the upper side of the curves. This is because the effective piston area, A p , is different for compression and rebound modes. A p for the rebound mode is higher than that of the compression mode resulting in higher forces in the rebound mode. Figure 8 (d) to (g) shows the force versus displacement results for 0.0254 m stroke and different frequencies and applied current levels. Similar to Figure 8(a) to (c), the force levels increase as the current and frequency increase. Also, at positive displacements in the rebound mode, a different and higher stiffness is observed. In the rebound mode, the top chamber was compressed, and the different bulk modulus and different geometric dimensions of the shaft and chamber resulted in a different stiffness. There are cut-out regions observed in the force versus displacement results. The cut-out regions become more visible as the force levels increase. This may be attributed to the entrapped air in the MR fluid, lack of an accumulator in the top chamber, and variation in the shaft crosssections before and after the piston.
Prior to the tests, the bottom chamber was pressurized by displacing the shaft for X 0 = 0.01547 m into this chamber to account for the static load of the structure. Then, sinusoidal excitations were applied at different strokes, frequencies, and current levels. In Figure 8 , the curves start at X 0 = -0.01547 m and continue to the left (compression mode) as the shaft moves further into the bottom chamber. After reaching the maximum stroke in the compression mode, they reverse the direction to the right (rebound mode) and continue to reach first the initial displacement (X 0 = -0.01547 m) and then the maximum stroke in this mode. Again, they reverse the direction to the left (compression mode) to complete the cycles. The compression and rebound modes are depicted in Figure 4 .
The cut-out regions occur when the shaft begins the rebound mode. When the shaft starts from X 0 = -0.01547 m and moves to the left, the fluid in Chamber 2 flows through the annular flow gap between the piston and inner wall of the cylinder into Chamber 1. However, the area of the piston on Chamber 2 side is less than that on Chamber 1 side. The amount of the fluid that flows into Chamber 1 is not able to compensate the void that occurs in this chamber due to the motion of the shaft. Because when the shaft moves to the left, it takes out volume from the top chamber reducing the pressure in this chamber. If there is air trapped in the MR fluid, then the air bubbles expand in Chamber 1. Now when the shaft reverses direction and moves to the right into the top chamber, it first compresses the air bubbles in Chamber 1, which results in no flow across the piston, and thus no damping. The flow starts again when no air bubbles remain in Chamber 1. The same phenomenon occurs when the shaft shifts modes from rebound to compression. However, the amount of damping lost is much less for compression than for rebound.
An examination of Figures 7 and 8 would reveal that there are peaks at around x = -0.015 m. These peaks become more apparent as the excitation frequency increases. This can be another evidence of the entrapped air in the MR fluid. As explained in the previous paragraph, when the shaft switches from the compression mode to the rebound mode, it first compresses the entrapped air in the Chamber 1, and there is no flow until it starts to push the fluid. The peaks happen when the flow starts. This could be due to that the shaft impacts the fluid causing a pressure and thus, a force spike after compressing the air. The higher the speed of the piston, the higher the force peaks become as apparent from Figures 7 and 8. Similar peaks occur when the shaft reverses direction from rebound the compression as it compresses the air during transition (Figure 8(c) ).
The cut-outs could be minimized or eliminated by pressurizing the top chamber with an accumulator. The air bubbles would be compressed under pressure. However, the maximum accumulator pressure should be sufficiently high to ensure that there is always adequate pressure to keep the air bubble compressed during operation. This would also ensure that there is always a positive pressure so that a flow occurs across the piston.
The viscous damping ratio for the design stroke and frequency was determined to be 0.12 whereas it was calculated to be 0.17. The discrepancy is believed to be due to the entrapped air in both fluids. The minimum passive damping ratio was determined to be 0.013 for a stroke and frequency of 0.0127 m and 0.5 Hz, respectively. The maximum on-state damping was determined to be 0.24 for a stroke, frequency, and current of 0.0254 m, 4 Hz, and 1 A, respectively. Both values were determined from the experiments that are shown in Figures 7 and 8 . A more detailed comparison between the theoretical and experimental results is given in section ''Comparisons between theoretical and experimental results.'' Combined axial and shear testing. Figure 9 (a) to (l) shows the experimental force versus displacement curves for shear loadings from zero to the maximum of 27.85 kN. The tests are conducted at the design stroke of 0.0254 m with the minimum and maximum current and frequency levels of 0 and 1 A, and 1 and 4 Hz, respectively. Figure 9 (a) to (l) demonstrates that the BLS-CMRD maintains its axial load carrying capacity with the addition of the shear force without a loss in its performance. This suggests that the BLS-CMRD could potentially be used in 3D earthquake isolation of building structures. Tests with input seismic motions. Figure 10 (a) to (f) shows the response of the BLS-CMRD for zero current and 0.5 A for 150% design level of the listed earthquakes (Table 3 ). The hysteresis loops reflect the random nature of the earthquake displacements due to broadband frequency input, compared to the previous controlled response to cyclic displacement input. Most of the cycles are small amplitude compared to the peak displacement. It can be observed that increased energy dissipation lowered the peak displacement when the MR damping of the device was activated, or in other words, a lower displacement was required to reach the same energy dissipation.
Theoretical study
The total device force is given as the superposition of the spring, seal, viscous damping, and controllable MR damping forces as follows (Cesmeci, 2017) 
where F seal = F seal sgn(V p ) is the seal friction force and
where b i is the bulk moduli of specific fluids, A s, i is the cross-sectional area of specific shafts, V i is the volume of the fluid in specific chambers, P i is the initial pressure in specific chambers, w is the mean circumference of the annular flow path, h is the height of the flow gap, V p is the piston velocity, Q is the flow rate through the annular gap, L p is the axial length of the piston, A p is the effective piston area, m is the plastic viscosity of the MR fluid, t y (B) is the dynamic yield stress, and L is the effective axial pole length. The geometric parameters are shown in Figure 11 along with the parallel plate approximation of the flow through the annular gap. 
Comparisons between theoretical and experimental results
Comparisons are made between the theoretical and experimental results for the BLS-CMRD. Figure 12 shows the comparisons between the model and experimental data for the stroke of 0.0127 m and different current and frequency levels. There is a good agreement between the model and experimental data except that the model is not able to capture the cut-out regions, which was attributed to the fact that there was no flow in that region (section ''Experimental results and discussions''). Based on this discussion, the model is adjusted to reflect the cut-out regions by setting the passive and controllable MR damping forces to zero in these regions. The comparisons between the modified model and experiments are shown in Figure 13 . The plots show that the modified model can effectively model the cut-out regions. For these comparisons, the liquid stiffness is adjusted from the experiments and the yield stresses for the calculation of the controllable MR damping were obtained from experiments. The design values for the yield stress were obtained via electromagnetic simulations using the manufacturer's data for the MR fluid (Cesmeci, 2017) . The MR fluid used was hydrocarbon-based MRF-132DG of Lord Corp. The relationships between the magnetic flux density, B and magnetic field intensity, H; the yield stress, t and magnetic field intensity, H for the fluid are given by the following expressions (Lord Corp., 2016) for a coil of 3 3 1135 turns, where the t is in Pa and I is in A. The variations of the design and realized yield stresses with the applied current are given in Figure 14 . The difference between the design and realized yield stresses could be attributed to the effect of pressure. Recent studies revealed the effect of pressure on the yield stress (Becnel et al., 2015; Dragoni, 2012, 2014) . Spaggiari and Dragoni (2012) reported that yield stress was increased from 50 to 150 kPa when the pressure was increased from 0 to 30 bar at 800 mT magnetic field. Also, as the magnetic field was increased, the effect of pressure became more dominant, similar to the trend observed in Figure 14 . In another study, Spaggiari and Dragoni (2014) demonstrated that the yield stress of MRF-130CG of Lord Corp. was increased by 200% as the pressure was increased to 30 bar at the highest magnetic field of 300 mT in shear mode. Becnel et al. (2015) also showed that the yield stress of MRF-132DG of Lord Corp. was increased by 77% for a rotary MR energy absorber. Squeeze strengthening effects were realized when the magnetic field intensity exceeded 50 kA/m.
Summary and conclusion
In this study, a fail-safe, bi-linear, controllable MR damper operating under combined large axial and shear loading was designed, built, and tested. The tests were conducted under axial sinusoidal loading with varying strokes, frequencies, and applied magnetic fields as well as axial scaled seismic motions. The results showed that the damping was increased as the excitation stroke, frequency, and current were increased. It was also observed that the device exhibited a distinct bi-linearity as expected at the full stroke. A zerostiffness region was observed during the transition from the compression mode to the rebound mode, which was attributed to the air trapped inside the both top and bottom chambers. Tests were also conducted under combined axial and shear loadings. The device performed successfully under all applied shear loadings up to 28 kN. To the authors' knowledge, it is the first time an MR damper was tested under combined axial and shear loadings and was shown to operate successfully without a loss in its performance. In conclusion, a bilinear stiffness, fail-safe viscous, and controllable MR damping can be combined into a single unit that can serve as the vertical isolation component for a 3D earthquake isolation system of large building structures. The device can perform successfully under combined axial and shear loading as high as 245 and 28 kN, respectively. system). In: The 14th world conference on earthquake engineering, Beijing, China, 12-17 October. Suhara J, Tamura T, Ohta K, et al. (2003) Research on 3-D base isolation system applied to new power reactor 3-D seismic isolation device with rolling seal type air spring: part 1. In: Transactions of the 17th international conference on structural mechanics in reactor technology (SMiRT 17), Prague, Czech Republic, Division K, paper # K09-4, 17-22 August. Tajirian FF, Kelly JM, Aiken ID, et al. (1990) Elastomeric bearings for three-dimensional seismic isolation. In: Proceedings of the 1990 ASME PVP conference, Nashville, TN, June.
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